Hypothesis: Spiral computed tomographic pulmonary angiography (CTPA) is sensitive and specific in diagnosing pulmonary embolism (PE) in critically ill surgical patients.
Conclusions:
Pulmonary angiography remains the gold standard for the diagnosis of PE in critically ill surgical patients. Computed tomographic pulmonary angiography needs further evaluation in this population.
Arch Surg. 2001; 136:505-510 P ULMONARY EMBOLISM (PE) is a frequent and often undiagnosed cause of mortality in postoperative critically ill patients. 1, 2 In a prospective observational study done during a period of 18 months in our surgical intensive care unit (SICU), only 4 PEs were detected among 200 highly selected, severely injured patients with multiple risk factors for venous thromboembolism. 3 Given that autopsy studies estimate the PE-related mortality rate of such patients to be 15% to 30%, 2 it is likely that many PEs are not detected in a timely fashion.
Pulmonary angiography (PA) is currently the standard of reference for PE diagnosis. However, it is an invasive procedure, associated with morbidity and mortality, and requiring considerable technical and human resources. 4, 5 Ventilationperfusion scan is safer and less invasive and, therefore, frequently used as the principal diagnostic test. The problem with this method is that, in almost half of the cases, the diagnosis is uncertain (intermediate probability), and there is approximately a 10% rate of false-negative and falsepositive results with low-probability and high-probability tests, respectively. 6 The reliability of the test becomes even more questionable in the presence of associated lung disease, as is typically found in SICU patients.
Recently, spiral computed tomographic pulmonary arteriography (CTPA) has emerged as a useful tool to diagnose PE. Multiple in mixed and predominantly medical populations, referred for suspicion of PE to specialized services, and report sensitivity rates of 65% to 100% and specificity rates of 78% to 94%. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The CTPA tends to be more reliable when used to find clots at the main pulmonary arteries or their first-order branches. 7 The data are conflicting about its sensitivity and specificity for smaller segmental and subsegmental branches. [19] [20] [21] Although clots found in peripheral pulmonary arteries are of questionable importance for otherwise healthy individuals, they may cause marked physiological deterioration in critically ill surgical patients. 22 These patients usually have multiple coexisting pulmonary diseases, such as pneumonia, atelectasis, and adult respiratory distress syndrome. The ability of CTPA to reliably detect small clots in the presence of substantial surrounding parenchymal disease is unknown because no studies have focused on critically ill patients.
In this study, we evaluated the role of CTPA for diagnosis of PE in critically ill surgical patients. We prospectively compared CTPA with PA, the existing diagnostic gold standard. Our hypothesis is that CTPA's sensitivity and specificity are comparable with PA's. If the hypothesis holds true, this less invasive and more convenient test can be used by clinicians at a lower threshold to diagnose PE among SICU patients, leading to detection and earlier treatment of thromboembolic events that might otherwise remain undiagnosed.
RESULTS
There were 22 patients enrolled in the study, 17 trauma and 5 nontrauma patients with an average age of 38 years (range, 20-75 years). All patients had episodes of acute desaturation and were taken to the first study (usually CTPA) within an average of 10 hours of the first episode (range, 2-24 hours). The second study followed within an average of 8 hours of the first study (range, 7-21 hours). Five patients were receiving no or inadequate (single intermittent compression device) thromboprophylaxis. All 5 were trauma patients, had contraindications to heparin administration, and had multiple extremity fractures preventing the use of intermittent compression devices. All but 2 patients had marked lung
PATIENTS AND METHODS
During a period of 11 months (August 1, 1999, to June 30, 2000) , surgical patients who were admitted to the SICU and had clinical suspicion of PE were included in the study and underwent CTPA and PA. Clinical suspicion was raised when any of the following occurred: (1) acute arterial oxygen desaturation to less than 94% in the absence of new sepsis or other pulmonary pathologic findings, (2) sudden reduction of the ratio of arterial partial oxygen tension to fractional inspired oxygen to less than 200 in the presence of unchanged lung compliance, and (3) any sudden decrease in oxygenation associated with acute hemodynamic compromise, as shown by a systolic blood pressure lower than 100 mm Hg and/or a heart rate higher than 120 beats per minute, in the absence of obvious blood loss or new sepsis. Exclusion criteria from the study were (1) frank physiological instability, rendering transport to the radiology department dangerous; (2) renal function impairment (serum creatinine level Ͼ106 µmol/L [Ͼ1.2 mg/ dL]) before or between the 2 tests; (3) severe pulmonary hypertension (systolic pulmonary pressure Ͼ60 mm Hg); (4) pregnancy; (5) a do-not-resuscitate order; (6) failure to undergo the first test within 24 hours of inclusion into the study or the second test within 24 hours of the first test; and (7) age younger than 18 years. The study was approved by the institutional review board of the Los Angeles County and University of Southern California Medical Center, Los Angeles.
In our SICU we treat approximately 800 surgical patients per year, of whom 60% are trauma patients. Eligible patients had both tests done as soon as possible from the time of clinical diagnosis and as close as possible to each other. Although the order of the tests was not predetermined, CTPA was usually done before PA because of easier accessibility. Serum creatinine levels were measured before inclusion, between the 2 tests, and daily after the completion of the tests. To evaluate the pulmonary vessels, CTPA was done with 3-mm collimation, 2-mm reconstruction interval, 300 mA, and 1.7:1 pitch in a caudal to cephalad direction from the diaphragms to the arch of the thoracic aorta. Iodinated contrast material with 30% concentration was injected at a rate of 3 mL/s for a total of 100 mL. The PA was performed by introducing percutaneously an 8F catheter to the pulmonary circulation and injecting through it nonionic contrast material to visualize the main pulmonary arteries. The right and left pulmonary arterial trees were visualized. In selected cases, individual branches were catheterized for more detailed evaluation. On average, 160 to 200 mL of contrast material was used for PA. Venous duplex ultrasonography of the lower and upper extremities was performed in most of patients.
Four independent radiologists interpreted the tests (2 for the CTPAs [A.W. and S.P.] and 2 for the PAs [S.E.H. and D.H.). Pulmonary embolism was diagnosed in the presence of an intraluminal filling defect or abrupt cessation of blood flow in a pulmonary vessel. A decrease in flow or tapering of a vessel did not qualify for PE diagnosis. All 4 radiologists were blinded to each other's readings. In the presence of discrepancies, the final diagnosis on each test was decided by consensus after review of the films or the tapes of the test by the 2 radiologists who read it. The interobserver variability was assessed. Although treatment was given after CTPA, the final therapeutic decision was made on the basis of PA findings. The sensitivity and specificity of CTPA was calculated by using PA as the gold standard. The sensitivity and specificity of duplex ultrasonography were also calculated against PA.
The level of clinical suspicion was established before the tests were performed by means of a questionnaire that included 8 elements and was completed by the treating surgeon ( Table 1) . A score was given ranging from 0 to 8. parenchymal disease at the time of the event caused by pneumonia, atelectasis, lung contusion, or adult respiratory distress syndrome. The initiating event that raised the suspicion of PE occurred at an average of 8 days after admission to the hospital (range, 1-45 days).
Eleven patients (50%) developed PE according to the findings of PA. In 5 patients the emboli involved central pulmonary arteries. In the remaining 6, only segmental or subsegmental branches were obstructed. Multiple emboli were found in 4 patients and bilateral emboli in 2. The level of clinical suspicion was identical among patients with and without PE. A high level was established in 6 patients of each group, an intermediate level in 3, and a low level in 2. Table 2 compares patients with and without PE. No statistically significant differences were found between the 2 groups. All patients diagnosed as having PE were treated by heparinization (5 patients), vena caval filter (3 patients), or both (3 patients). One patient bled while receiving full anticoagulation with low-molecular-weight heparin and required 2 units of blood, and therapy was discontinued.
In 8 patients (36%) there was a discrepancy between the CTPA and PA findings. In 6 of them, CTPA failed to diagnose an existing PE (false negative) and in 2 more it diagnosed a PE that was not confirmed by PA (false positive). Both false-positive tests related to peripheral clots. However, of the 6 false-negative tests, 2 missed central pulmonary emboli. In all 8 tests there were substantial coexisting lung pathologic findings on CTPA. The sensitivity and specificity of CTPA to diagnose all PEs were 45% and 82%; central PEs, 60% and 100%; and peripheral PEs, 33% and 82%, respectively ( Table 3) . The 2 independent radiologists who interpreted the CTPAs agreed in 86% of the cases, ie, they disagreed on 3 cases. Similarly, the 2 different independent radiologists who interpreted the PAs also agreed in 86% of the cases. There was only 1 case in which there was disagreement between the radiologists in the interpretation of both CTPA and PA. Interpretation discrepancies occurred more frequently in patients with PE (6/11 [55%]) than in patients without PE (2/11 [18%]), but the P value of this comparison did not achieve statistical significance (P=.07).
Nineteen patients had venous duplex ultrasonography of the upper and lower extremities within 24 hours of the initiating event. Three patients, 2 with peripheral emboli and 1 without PE, did not have a duplex scan. Duplex ultrasonography identified clots in peripheral veins of 4 patients with PE (2 subclavian, 1 internal jugular, and 1 superficial femoral vein) but did not find clots in another 5 patients with PE. Its sensitivity and specificity were 44% and 100%, respectively.
Four patients died, 2 with PE on the 25th and 83rd days after admission (22 and 38 days after the PE, respectively) and 2 without PE on the 35th and 96th days. None of these patients had a detailed autopsy. Their death was thought to be a result of multiple organ failure. Survivors stayed 20±17 days in the SICU and 34±22 days in the hospital.
COMMENT
Computed tomographic pulmonary angiography is increasingly frequently used for the diagnosis of PE because it is thought to be safer, more convenient, and equally sensitive compared with PA. A number of studies have compared CTPA with PA and found it to be more than 90% sensitive. 8, 10, 12 However, other investigators have found sensitivity rates as low as 53% 17 and cautioned against its widespread acceptance as the diagnostic test of choice. [22] [23] [24] Re- sults on the cost-effectiveness of CTPA are similarly conflicting, with one study concluding that CTPA is more cost-effective 25 and another study, that it is less costeffective than ventilation-perfusion scintigraphy. 26 The main reason for CTPA's low sensitivity rates reported in some studies seems to be its inability to assess peripheral pulmonary vessels reliably. Obliquely oriented vessels, such as the segmental branches of the right middle lobe and lingual vessels, may be poorly visualized on CTPA. Technical problems related to the timing of contrast administration, the dose and concentration of the iodinated contrast material, and a hyperdynamic condition of the patient may affect the quality of the image. Poorly opacified pulmonary veins may be confused with thrombotic pulmonary arteries. Lymph nodes may be misinterpreted as intraluminal thrombi. Substantial pulmonary parenchymal disease may confound the picture. Goodman et al 7 showed that the sensitivity of CTPA dropped from 86% for central pulmonary arteries to 63% when peripheral branches were included. Other studies have claimed better results in analyzing peripheral pulmonary vessels in humans or animals, but the sensitivity is still low. 15, 21 Remy-Jardin et al 27 found that, by increasing the collimation from 3 mm to 2 mm, more subsegmental vessels could be analyzed.
The clinical significance of peripheral emboli is not clear. Most authors would agree that small clots do not cause important physiological abnormalities unless they are multiple or occur in the presence of preexisting respiratory compromise. 22, 28 This is exactly the case for critically ill patients. Patients in the SICU usually have marked abnormalities of their pulmonary function. At the same time, these are patients who may receive inadequate thromboprophylaxis and are at high risk for thromboembolic events. Such patients with marginal oxygenation do not have adequate respiratory reserve. One could hypothesize that even a relatively small insult, such as that from peripheral PE, may upset the delicate balance by which their pulmonary function is maintained. An additional risk associated with peripheral PE may be that it indicates the propensity of the patient to experience clotting and the probability of more severe PE in the future. For all of these reasons, although high sensitivity of a test to detect peripheral PE is not required if the test is designed for use in otherwise healthy individuals, high sensitivity becomes important when the test is used in critically ill surgical patients.
Our study is the first, to our knowledge, to address specifically SICU patients. We found that CTPA has a sensitivity of only 45% to detect PE when compared with the current diagnostic gold standard, PA. Most falsenegative CTPAs failed to diagnose peripheral emboli, as shown by a sensitivity of 33% for peripheral PE. However, its ability to diagnose central emboli was also suboptimal, with a sensitivity of only 60%. Its specificity for all PE and central PE was 82% and 100%. These numbers show that CTPA is an inadequate test to rule out PE but a better test to rule in central PE. 18 Almost all of our patients had substantial pulmonary parenchymal disease that in some cases made the interpretation of CTPA particularly difficult.
The interobserver variability was not different between the radiologists who interpreted the CTPA and the PA. In both tests, the independent radiologists disagreed in 14% of the cases. This variability is within the accepted range even for PA, when the test examines small emboli in peripheral pulmonary vessels. All 4 radiologists whom we used (2 for CTPA and 2 for PA) were experts with special training in their field and considerable experience with critically ill surgical patients. It is unknown what the variability would be under conditions in which radiology trainees interpreted the tests, as frequently occurs outside of working hours in many institutions. 29 Nevertheless, the fact that CTPA findings can be consistently interpreted without major interobserver variability should be viewed as a strength of the test.
Venous duplex ultrasonography, although not a specific tool for the diagnosis of PE, has been used as a screening method to assist in the diagnosis. 30 Not surprisingly, its sensitivity was very low (44%) and consistent with previous results from other studies.
3, 31 The absence of clots in extremity veins does not exclude the possibility that a patient may have had a PE. Extremity venous clots may be missed by duplex scanning because they are in areas inaccessible by this technique (pelvis, below the knee), because they have dislodged already and traveled to the lung, or simply because of technical limitations and operator dependency associated with ultrasonography. It is noteworthy that 3 of 4 patients with abnormal duplex scans had clots found in the venous system of the upper body, calling into question the common belief that such clots are not clinically significant.
D-Dimer assay, a test that measures the products of clot degradation, has been reported to have a very high negative predictive value, essentially excluding the probability of PE, if D-dimer levels are normal. 32 Multiple techniques have been used, but the best results have been achieved with SimpliRED (American Diagnostica Inc, Greenwich, Conn), a whole-blood agglutination assay that can be performed by the bedside. The test is subject to substantial interobserver variability. 33 We performed D-dimer assays in 13 patients and found a sensitivity of 37% and specificity of 40%. However, because we did not use the SimpliRED technique, which is currently considered the most reliable, we cannot comment further on these results.
An additional and very important finding of this study is the high incidence of PE that we realized during the study period. By decreasing the threshold of studying patients for PE, we diagnosed the disease even in patients with low clinical suspicion. The incidence of PE in this study was roughly 5 times higher than the incidence found in a previous study by Velmahos et al 3 of venous thromboembolism in SICU patients without liberal evaluation of symptoms associated with PE and higher than the incidence that is usually reported in the literature. 34 As shown by the comparison of patients with and without PE, the known risk factors and clinical characteristics were similarly prevalent in the 2 groups. The level of clinical suspicion was identical in the 2 groups and did not help to identify the patients with higher probability of PE. Although reportedly useful in other populations, clinical symptoms are confounded by multiple coexisting factors in intubated critically ill surgical patients and cannot be used reliably. Only a high index of suspicion and a liberal policy of evaluating PE will uncover a potentially lethal disease in these patients. A lib-
WWW.ARCHSURG.COM 508 eral policy would definitely be enhanced by a test that is safe, rapid, convenient, highly sensitive, and costeffective. Computed tomographic pulmonary angiography seemed to offer promise to this direction. Unfortunately, the low sensitivity found in this study casts serious doubt as to its widespread use.
A main limitation of our study is the small sample size. We plan to continue the study to recruit more patients. A second limitation relates to the clinical significance of small emboli not diagnosed by CTPA. Although all of these patients were treated, we do not know the natural course of these emboli if they had been left without therapy. One could make the case that these events were not important because no significant differences were found in mortality, SICU stay, and hospital stay between patients with and without PE. Our population included very sick patients who required hospitalization in excess of 1 month on average. It is difficult to find outcome differences in such patients with the current sample size. Because therapy after PE targets the prevention of future PE rather than treatment of the current PE, there must be enough deaths from recurrent PE to realize a difference in mortality, owing to therapy started after the initial PE. With an overall death rate of 18%, as in this study, hundreds of patients must be included to identify a statistically significant decrease in mortality related to recurrent PE, if one exists. A third limitation may be associated with our population mix, which was skewed toward trauma (77% of all patients). In essence, our results may mostly represent critically injured patients rather than critically ill nontrauma patients. Whether this occurred because of a sampling bias or just because PE is more prevalent in trauma patients remains to be clarified by the enrollment of more patients. A fourth limitation could relate to the argument of using PA as the diagnostic standard of reference. If PA has a high false-positive rate, then new tests, like CTPA, that are compared with PA may erroneously show false-negative results. Although the real positive predictive value of PA can only be demonstrated in animals or by autopsy findings, previous literature suggests that the incidence of false-positive findings is very low. 35, 36 Because we used only solid criteria, such as intraluminal filling defect or abrupt interruption of blood flow, to diagnose PE, we believe that PA reflected accurately the presence or absence of PE and, therefore, was justifiably used as the diagnostic gold standard.
In summary, the findings of this pilot study raise considerable concern about the use of CTPA for the diagnosis of PE in critically ill surgical patients. If the primary quality of a test used to detect this potentially fatal disease is high sensitivity, CTPA has not stood up to the challenge. Pulmonary angiography remains the gold standard for PE diagnosis in critically ill surgical patients. Additional research, focused on these patients who present with diagnostic and therapeutic dilemmas, should be encouraged before CTPA is accepted as a reasonable alternative to PA. 
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